This report describes a simple method for quantifying viable mycobacteria and for determining generation time. We used statistical models and computer analysis of growth curves generated for the slowly growing mycobacterium Mycobacterium paratuberculosis under controlled conditions to derive a mathematical formula relating the dependent variable, growth, to the independent variables, loglo number of organisms in the inoculum (inoculum size) and incubation time. Growth was measured by a radiometric method which detects 14Co2 release during metabolism of a 14C-labeled substrate. The radiometric method allowed for early detection of growth and detected as few as three viable bacteria. The coefficient of variation between culture vials inoculated with the same number of M. paratuberculosis was 0.083. Radiometric measurements were highly correlated to spectrophotometric and plate count methods for measuring growth (r = 0.962 and 0.992, respectively). The proportion of the total variability explained by the model in a goodness of fit test was 0.9994. Application of the model to broth cultures provided accurate estimates of the number of M. paratuberculosis (standard error = 0.21, log1o scale) and the growth rate (coefficient of variation, 0.03). Generation (Allied Laboratories, Ames, Iowa). After approximately 3 weeks of growth, the suspension was pelleted by centrifugation at 10,000 x g for 20 min in a high-speed centrifuge (model J2-21M; Beckman Instruments, Palo Alto, Calif.), washed six times in phosphate-buffered saline, and inoculated into 100 ml of fresh medium. The culture was then incubated for 3 additional weeks, after which time the suspensions were transferred to 25-ml glass centrifuge tubes and centrifuged, and the pellets were washed three times supplemented with 2 jig of mycobactin-J per ml. The inocula contained from 1005 to 107 bacteria per vial. All vials were swirled gently and incubated at 37°C under ambient atmosphere without shaking. Growth was measured every 48 h for 14 weeks by using the BACTEC 460. Four of the eight vials were randomly dedicated to establishing growth curves, whereas the other four vials were used in the sensitivity study outlined below. Results were reported in growth units of 14CO2 released (1 growth unit = 0.25 nCi of 14C) and were evaluated as raw units per 48 h and as the cumulative sum of growth units at each reading time. Background readings of uninoculated vials were <10 units. Control vials, which were analyzed at the same time as the test vials, included: (i) 7H12B medium without mycobactin-J, inoculated with M. paratuberculosis; (ii) uninoculated 7H12B medium that contained individual growth supplements; and (iii) a standard performance control (Johnston Laboratories), which, when prepared according to the manufacturer's directions, releases a specific amount of 14CO2.
14Co2 release during metabolism of a 14C-labeled substrate. The radiometric method allowed for early detection of growth and detected as few as three viable bacteria. The coefficient of variation between culture vials inoculated with the same number of M. paratuberculosis was 0.083. Radiometric measurements were highly correlated to spectrophotometric and plate count methods for measuring growth (r = 0.962 and 0.992, respectively). The proportion of the total variability explained by the model in a goodness of fit test was 0.9994. Application of the model to broth cultures provided accurate estimates of the number of M. paratuberculosis (standard error = 0.21, log1o scale) and the growth rate (coefficient of variation, 0.03). Generation time was observed to be dependent upon the number of organisms in the inoculum. The model accurately described all phases of growth of M. paratuberculosis and can likely be applied to other slowly growing microorganisms.
Mycobacteria are grouped into two categories on the basis of their rate of growth. The fast-growing Mycobacterium spp., however, demonstrate longer generation times than do most other bacteria. In addition to their relatively slow growth, the tendency of mycobacteria to clump, forming aggregates in tissues and broth media, makes it difficult to quantify or study mycobacterial growth by methods commonly used for other bacteria (23) . Turbidimetric measurements and enumeration of mycobacteria by microscopy or plate count methods are time-consuming and subject to significant error (13, 19) . Microscopy counts do not differentiate between viable cells and those which are dead or dying. Plate count methods require at least 3 weeks of incubation and may underestimate the number of mycobacteria. Turbidimetry is not very sensitive; it fails to detect M. paratuberculosis at concentrations of <105 5/ml (25) and is often affected by pigmented organisms or their products or by light-absorbing components of the medium.
In 1969, Deland and Wagner (11) developed a technique for automated detection of microbial metabolism which measures the conversion of a '4C-labeled substrate to 1'CO2.
The extremely sensitive and quantitative capability of radiometry allows for faster detection of mycobacteria and subsequent evaluation of their growth. In 1977, this technology was adapted for the detection and susceptibility testing of M. tuberculosis (8, 21) . Mycobacteria grown in sealed vials containing ["'Cipalmitate produce respired 1'CO2, which can be detected by an automated instrument, the BACTEC 460 ionization detector (Johnston Laboratories, Cockeysville, Md.). The use of radiometry for detecting mycobacterial growth has made significant contributions to the clinical microbiology laboratory, which is predominantly concerned with early detection, identification, and susceptibility testing (9, 10, 14, 17, 18, 24) . The value of radiometry * Corresponding author.
as a tool for studying the growth of mycobacteria in the research laboratory, however, has not been fully appreciated.
M. paratuberculosis is the etiologic agent of paratuberculosis, or Johne's disease, a chronic enteritis primarily affecting ruminants (6) . Recently, M. paratuberculosis was isolated from several patients with Crohn's disease (7, 20) . Strains of M. paratuberculosis often take 6 to 10 weeks to appear as colonies on 10 ,000 x g for 20 min in a high-speed centrifuge (model J2-21M; Beckman Instruments, Palo Alto, Calif.), washed six times in phosphate-buffered saline, and inoculated into 100 ml of fresh medium. The culture was then incubated for 3 additional weeks, after which time the suspensions were transferred to 25-ml glass centrifuge tubes and centrifuged, and the pellets were washed three times MODEL FOR MYCOBACTERIUM SP. GROWTH KINETICS with fresh 7H9 broth. After the final wash, the pellet was suspended in 5 Acceptable limits for the negative and no-growth controls were interpreted as <30 growth units. The standard positive control was considered to be satisfactory when 45 to 65 units of activity was detected, as recommended by the manufacturer.
Sensitivity of the radiometric method. Sensitivity of the radiometric assay was defined as the least number of organisms inoculated into vials which eventually gave rise to growth above background after 90 days. The least number of M. paratuberculosis inoculated into vials by the dilution scheme described above was approximately three (inoculum size, 100-5). The number of M. paratuberculosis in a vial when cumulative growth reached a minimum positive value of 30 units was also considered an indication of the level of sensitivity. When the mean of cumulative growth measurements from quadruplicate vials reached a minimum threshold of 30 units, the vials were vigorously vortexed and samples were removed, serially diluted, and plated to determine the number of CFU. Additionally, new radiometric vials were inoculated in triplicate with 0.1-ml portions of culture from the minimum-threshold-positive vials, and growth was measured every 48 h. The number of M. paratuberculosis in the inoculum was then calculated by using the statistical model described below and was compared with the number of CFU observed by the plate count method.
Correlation of the radiometric method to turbidimetric and plate count methods. Owing to the different levels of sensitivity inherent in the turbidimetric and radiometric techniques, a concentration of M. paratuberculosis which could be measured by both methods had to be chosen carefully. Accordingly, 105 organisms were inoculated into 28 vials each containing 4 ml of Middlebrook 7H12B medium supplemented with 2 jig of mycobactin-J per ml and were incubated at 37°C for 24 days. Growth in all vials was measured with the BACTEC 460 every 48 h. On every fourth day, four vials were randomly chosen, samples were removed and serially diluted, and plate counts were performed. The remaining vials were frozen at -20°C for later spectrophotometric measurements (Beckman model DU-50). The correlation between radiometric, spectrophotometric, and plate count measurements of M. paratuberculosis growth was tested by using Spearman's correlation coefficient.
Development of a statistical model. Cumulative growth responses were obtained from radiometric growth analysis of M. paratuberculosis prepared from dilutions of seedlot A. From these data we sought a statistical model which accurately described the relationship of the dependent variable, growth (defined as units of 14CO2 released), as a function of the independent variables, loglo number of organisms in the inoculum (inoculum size) and incubation time. The model was then validated with dilutions of M. paratuberculosis prepared from seedlot B.
The S shape of the growth curves suggested a model similar to a logistic cumulative distribution function which takes the form:
(1)
where Y is the cumulative growth response in units of '4CO2 released, Ym is a fixed value bounded by the maximum cumulative growth response possible owing to substrate limitation, and k(X,) is a linear function of the log1o number of M. paratuberculosis in the inoculum (x) and of incubation time (t). Seeking the best model for describing the relationship between the cumulative growth response and the inoculum size and incubation time, we applied a stepwise multiple regression approach which permitted the choice of the best estimate of k with the least number of parameters (12) .
Growth rate and generation time. (Fig. 1A) . The differential "'CO2 production is the amount of "'CO2 produced between measurements and is plotted as raw growth units over time (Fig. 1B) . No growth curves are shown for inoculum sizes greater than 105-5 because the rapid release of high levels of "'CO2 read off scale even when more-frequent measurements were taken. The apex of each curve in Fig. 1B is represented by the point of inflection of the respective curve in Fig. 1A . The decrease in "'CO2 production resulted from depletion of the ["'C]palmitate in the medium, which was overcome by adding more substrate to the vials.
Precision of the radiometric method was determined by calculating the coefficient of determination of raw growth unit measurements from four vials inoculated with the same number of organisms and sampled every 48 h during the exponential growth phase. This was done for each of the five inoculum sizes. The coefficients were then averaged (n = 205), and the reproducibility of measurements between vials Conserved growth measurements. Thirty-two radiometric vials were supplemented with mycobactin-J and inoculated in the same way with 0.1 ml of seedlot A. Each vial was randomly allocated to one of seven groups. Vials in groups 1 through 5 were read only once, on day 8, 12, 16, 20, or 24 of the incubation period. Those in group 6 were read every 2 days, and those in group 7 were read every 4 days. Readings from the four vials in each group were averaged. For groups 6 and 7, the averages were cumulative. The total 14CO2 content detected in vials that were repeatedly sampled throughout incubation was not significantly different from that in vials sampled once at the end of the incubation period (Table 2) . Thus, growth was conserved, and a single reading could be used to evaluate growth over the entire incubation period.
Correlation of the radiometric assay with spectrophotometric and plate count methods. Three methods of measuring growth were compared to determine whether measurements based on metabolism of [14C]palmitate correlated with conventional methods for measuring growth. Because of the relative insensitivity of turbidimetric measurements, an initial concentration of M. paratuberculosis above the lower limit of detection of a spectrophotometer had to be used. As long as the substrate was not significantly depleted, total evolution of 04C02 was proportional to the total number of M. paratuberculosis (Fig. 2) The proportion of the total variability explained by this model was found to be 0.9994. Natural background at time zero was derived from the equation YmI(1 + B) and was found to be 9.9 growth units. Estimated cumulative growth was calculated from the formula by solving for Y by using the same values for x and t as were used in the actual experiment. Cumulative growth curves calculated from the model equation (Fig. 3A) were similar to those calculated from the data actually observed (Fig. 1A) and represent the integral form of raw growth units plotted over time (Fig. 3B) . The correlation coefficient of observed Y values to calculated Y values was found to be 0.998 over all observations (Fig. 4) .
Inversion of equation 9 relates the inoculum size, x, as a function of growth response, Y, observed after time, t, and permits calculation of the number of M. paratuberculosis in an inoculum from a single growth measurement. That is, (10) orderly increase in all components of a cell (16) . Although comprehensive, this definition is not practical in the laboratory. Cell multiplication is probably the most applied definition of bacterial growth. Regardless of the method of measuring growth used, the marker trait used to monitor growth must increase at a specific rate proportional to the increase in the amount of biomass. Likewise, if the ratio of one trait to another is to remain constant, the same proportionality constant must apply. Practically, this proportionality allows the production of a metabolite, such as C02, to be used as an index of growth (22) .
In measuring growth of an organism such as M. paratuberculosis, the slow growth rate coupled with the aggregation of bacterial cells makes it difficult to apply many methods of quantitation. Strain ATCC 19698 formed visible colonies within 3 to 5 weeks, but primary clinical isolates often take 6 to 10 weeks to form colonies on artificial media. This strain was used here because it is the type strain of M. paratuberculosis. Turbidimetry was not sensitive enough to detect <105-5 M. paratuberculosis per ml and, like plate counting, assumes a homogeneous population of bacteria. (3, 4) and consisted of an inner vial containing the bacterial culture and an outer vial containing the scintillator detector. Radioactivity evolved from bacterial metabolism was then measured in a scintillation counter. This method suffered from low counting efficiency but has been significantly improved by modifying the detector (2).
Caution must be exercised with this system so as not to allow culture medium to come in contact with the fluor detector. For these reasons, this system does not lend itself well to long-term growth measurements. In contrast, the radiometric approach described in this paper requires an ionization chamber to measure evolved '4CO2 and has been applied to even the most difficult-to-grow Mycobacterium spp. with good results (5 A stepwise multiple regression approach was used to choose the best model with the least number of parameters. The least-squares method was then used to estimate parameters in equation A6. With the usual normal assumptions, each parameter in the model was tested for significance by using Student's t test. The model does not have too many parameters, as each parameter contributes to a significant improvement in the fit. These estimated parameters were then used in equation A4 to analyze the model by the nonlinear least-squares method, and new parameters which fit the data better were derived.
As an indicator of the goodness of fit, the proportion of the total variability explained by the model was defined as: LITERATURE CITED
